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SUMMARY

A discussion of the flow mechanism in an afterburner extension to
a ram-jet engine is presented. b~ysis indicated that with an s,fter-
burner, ram-jet perf’or~nce equal to that of the engine equipped with a
variable-geometry converging exit nozzle could result. The use of an
afterburner requires, under some conditions, heat addition to a super-
sonic stream. . .

m
An experimental evaluation of the operation of a 16-in+ ram jet

equipped with an afterburner was conducted at Mach numbers of 1.8 and
. 2.0 in the Lewis 8- by 6-foot supersonic.wind tunnel. The contraction

ratio of the primary n@zzle was 0.59 and of the secondary nozzle, 1.0.
The experimental data confirmed the proposed method of afterburner oper-
ation. Although the combustion efficiencies of the primary and after-
burner sections were lower than the general level of combustion effi-
ciency of conventional ram jets, it was possible at a Mach number of 2.0
and with essentially no change in the diffuser-exit Mach number to
increase the net internal thrust from 0.36 to 0.74 merely by increasing
the total fuel flow.

INTRODUCTION

% ----..

The flight paths of several proposed ram-jet-powered guided-missile
configurations are such that engine operation during the boost phase is
desirable. In addition it is usually advantageous to protide a thrust
margin at the cruise Mach number for maneuvering purposes. With fixed-
geometry nozzle confi~ations, such requirements cause off-design inlet
diffuser operation which, in turn, is accompanied by total-pressure-
recovery losses and drag increases.

b
A variable-geometry outlet is one method of dealing with this prob-

lem; however, the inherent mechanical complications ~ke other means
. i
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.
of outlet flow control desirable. A second method is the use of a ram-
jet afterburner which was proposedas a twq-~osition.ve@able exit h.. . _
references 1 and 2. #

The purpose of this report is to examine both analytically and experi-
mentally the feasibility of using the afterburning ram jet to meet the
requirements of variable-outlet-geometryoperation. Included are experi-
mental data for a 16-inch ram-jet engine equipped with an afterburner.

N
m

These data were obtained in the Lewis 8- by 6-foot supersonic wind tunnel - _~,

at Mach numbers of 1.8 and 2.0. Since the purpose of this investigation
was to verify afterburner operation, no effort was expended in optimizing “-’” _
the configuration or raising the componentucomb~stionefficiencies. ... _____ ._

The following symbols

SYMBOLS —

are used in this report:

area, sq ft

net internal-thrust coefficient

fuel-air ratio r

constant ,

Mach number

total pressure, lb/sq ft absolute

static yre.ssure,lb/sq ft absolute —

universal.gas constant

total temperature, ‘F absolute

specific fuel consumption, lb/hr/lb-thrust

flame-holder total-pressure-drop coefficient in terms of dynamic
pressure at combustion-chatier inlet

ratio of specific heat at constant-pressure to specific heat
at constant volume

conibustionefficiency #

ratio of mass flow at combustor outlet to mass flow at
comhustor inlet -— d–



m
Am
N

NACA RM E52H27

‘c total-temperature

Subscripts:

ratio

A ahead of normal shock

a afterburner

P primary combustor

t total or over-all

o free strem

1 engine inlet

3 diffuser tit and cmibustion-chsaiberinlet

3

4 primary nozzle

5 primary nozzle
.

6 primary nozzle

. 7 engine exit

inlet

throat

outlet and afterburner inlet

AFTERBURNER OPERATION

The afterburning ram jet is illustrated schematically in figure 1.
It consists stiply.of a primary conimstor, station 3 to station 4, and
a converging-divergingpozzle~ station 4 to s~tion 6> follo~d by a
constant-area afterburner, station 6 to station 7, and a second nozzle,
station 7, which in figure 1 has a contraction ratio of 1. Both nozzle-
throat axeas depend on the engine-performance requirements; however, the
throat area of the second nozzle must be larger than that of the primary
nozzle.

As an aid in understanding afterburner operation, the typical vari-
ation of the thrust coefficient as well as the Mach nunibersat stations
tions 3 and 5 to 7 is given in figure 2 as a function of ~a, the after-
burner total temperature ratio. For efficient cruise operation, all heat
addition is completed before the gases reach the throat of the primary
nozzle, station 5. The velocity at the throat is sonic, and if a suffi-

● cient pressure ratio is available, the velocity of the gases in the
afterburner section and at the engine outlet is supersonic.

.
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.

In order to increase the thrust above the cruise value without
changing the diffuser exit Mach number ~, heat is added to the gases
as they pass through the afterburner. The primary-conibui3torfuel-air
ratio and consequently the primary-combustormtotal-temperature ratio Tp}
are maintained constant. A small amount of afterburner heat addition
will decelerate the supersonic flow in the afterburner to a limiting
Mach nuniberof 1 at the throat of the second nozzle, station 7. When
further heat is added, a normal shock forms in the region between sta-
tion 5 and station 6 and the value of M6, which depends on the primary-
nozzle expansion ratio, drops from a supersonic to a subsonic value.
Because of subsonic heat addition, the flow is then reaccelerated
to M7 ofl. With a constant-area afterburner, no change in thrust can
OCCLU’ LUltil M7 iS 1 and the normal shock forms in the diverging section
of the primary pozzle. As larger amounts of heat are added subsonically
in the afterburner, the normal shock that forms initially at station 6

{. is driven toward the throat of the primary nozzle, station 5, and the
thrust increases. With sufficient heat addition in the afterburner,~
“becomesless than unity and further thrust increases are accompanied, as
with’the conventional engine, by a reduction in M% and off-design
inlet operation.
of the operation
are given in the

A one-dime&ion.al analysis and a“detailed discussion
of a constant-area afterburner of
appendix.

APPARATUSAND PROCEDURE

the type described
●

..-z

.

The experimental verification of the operation of a ram-jet after-
burner was made with a 16-inch ram-jet engine. The investigation was
conducted at stream Mach numbers of 1.8 and 2.0 in the Lewis 8- by 6-foot

—

supersonic tind tunnel with the same engine as used in reference 3. The
coordinates of this engine are given in table I. As illustrated in fj.~- ._ .
ure 3, the engine was strut-mounted and a water-cooled pressure rake was
used in determining the exit momentum.

In this preliminary investigation, advantage was taken of the high
afterburner-inlet temperature and no afterburner flame holder was used.
The primary combustor (fig. 4) consisted of a can-type flame holder -
identical with that used in reference 3 and was ignited by the flame of
a vortex-type pilot burner) located in tie_Qownstream end of the center- ..
body. The pressure-drop variation across the can is given in figure 5.

Two primary-combustor fuel-injector configurationswere required,
one to obtain data below and the other above a
(fig. 4). Above a M3

~ of approximately 0.24
of approximately 0.24, a single-stage injector

consisting,of eight spray nozzles mounted in an annular manifold was u-seal 3“

to introduce fuel into the can just downstream of the pilot. Below
a

3
of approximately 0.24, four nozzles were added to the original

mani old and, in addition, a second annular manifold of 12 nozzles was used. a -
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.
Afterburner

annular manifold
fuel was insected through 12 nozzles mounted in an
and located between the end of the can cmibustor and

5

i the primary-nozzle entrance. Independent control was maintained over
the afterburner fuel flow. Fuel-system details and spray nozzle types
used are indicated in figure 4. Propylene oxide was used as fuel in
both the primsry conibustorand the afterburner.

m An existing graphite nozzle was used as the primary nozzle. A
A
a photograph of the installation is shown in figure 6 and nozzle coordi-
N nates and mounting details are given in figure 7. The contraction ratio

investigated, 0.59, does not necessarily represent the optimum value. ‘

Since the total length of the engine with afterburner was the ssme
as the original engine without the afterburn~ (reference 3) the primary
combustor was necessarily shortened in len@h by approximately 34 inches.
Obvtously, the combustion efficiency of the primary conibus+mrwill fall
below the values reported in references 3 and 4, but since only the
principle of the ram-jet afterburner was to be checked, no attempt was
made to optimize the conibustor.

The throat of the prinmry nozzle was initially located 5 inches

* downstream of the afterburner fuel injector, and the total afterburner

length was 2% inches. Some data were also obtained with the afterburner

. fuel injector and the primary nozzle translated 10 inches downstream;

thus an over-sll afterburner length of l% inches resulted.

The CM..ffuserwas operated supercritically at all times.,and the
engine air flow was computed from the diffuser inlet area and the tunnel
stream conditions. The total fuel flow was determined with a rotameter,
and orifice-type fltwmeters were used to measure the fuel distribution
to the primary conibustorand afterburner fuel systems. A survey of the
total and static pressures at the afterburner outlet was made with a
water-cooled rake. Appropriate corrections for normal shock losses were
made to the total-pressure measurements when the outlet flow was super-
sonic.

With the mass air flow, fuel flow, and exit total and static pres-
sures known the exit Mach number, net thrust, over-all combustion effi-
ciency, and over-all totil-temperature-riseratio were computed by methcds
conventionally used. The combustion efficiency is defined as the increase
in enthalpy of the gases flowing through a combustor di~dedby the energy
af the fuel available for conibustion. Thus, in addition to afterburner

* fuel flow, the fuel unburned in the primary cotiustor is considered avail-
able for combustion in the afterburner.

.

*

<
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The total-temperatureratio across the engine ‘t is based on pres-
sure measurements made at the afterburner outlet. The total-temperature
ratio across the primary combustor ‘P is computed from the relation
(see reference 5)
.

M3fi=K (1)

The value of the constant K was determined from the case of zero after-
burner fuel flow and a temperature rise in the afterburner sufficient to
just decelerate the flowto a M7 of 1. (It was assumed that y6 was 1.35
and T7 was 1.28 in making this computation.) Thus, with K known,
only M

2
was required to evaluate % . When afterburner fuel was

injecte ahead of the primary nozzle,pequation (1) was adjusted for the
added mass. By the natwe of the calculation,‘t includes any effect
due to vaporization or combustion of afterburnerpfuel occurring before—
the throat of the primary nozzle.

The total temperature ratio across the
from

Once the component temperature rise ratios
combustion efficiencies of both the primary
could be computed.

The experimental data presented herein

afterburner ~a is computed

(2)
r

‘P and ~a were known, the
combustor and the afterburner

.

are in term of an internal- .—
thrust coefficient. If it is desired to compute the propulsive thrust,
the external drag coefficients at critical flow were 0.165 and 0.175 at
stream Mach numbers of 2.0 and 1.8, respectively (reference 4).

RESULTS AND DISCUSSION

The performance trends observed experimentally
the postulated afterburner flow mechanism; however,
burner, some deviations from the theoretical trends
be discussed.

I

generally agreed with
with the actual after-
were observed and will

As predicted, large changes in thrust were observed at essentie.lly
constant diffuser-efit Mach numbers ~ by merely increasing the after-
burner fuel flow. The net internal-thrust variation for a typical tran-
sition region (operationbetween cruise and maximum thrust),
M3, 0.219*0.006 and ~, 2.0, is given in figure 8 as a function of the
total-temperature ratio across the engine. Also shown are the corre-
sponding component total-temperatureratios across the primary burner
and the afterburner,Tp and ‘ca. At the ~ considered, the cruise
fuel-air ratio was 0.057 (table II). During transition the primary f/a
was reduced to 0.038 to giw-eothe same value of M3.

—
*

.

f!li
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The net thrust coefficient was increased from a cruise vslue
of 0.36 to 0.74 with afterburning. Since %P remained essentially con-
stant, the rise in Tt was due to the heat added to the gases as they
passed through the afterburner. Apparently some of the afterburner fuel
burned in the primary combustor, because in order to obtain the same
value of Zp, a leaner primary fuel-air ratio f/a was required with
the afterburner on than at cruise without afterburning (see table 11),
and in addition a very slight increase in %P was generally observed as
the afterburner fuel flow was increased.

The
3

at which transition occurred i+’asa function of Tp and,
therefore, he primary f/a. The effect of the primary f/a on the
transition M

%
at Mo of 1.8 and 2.0 is shown in figure 9. Although“

the critical ffuser-exit Mach ntier at both stream conditions is
approximately 0.20, it was felt that the ndnimum transition Mach numbers
between 0.21 and 0.22 were sufficient to demonstrate afterburner operation.

According to the theory (see equation (l)), the transition ~ at
a given prbary f/a should remain constant. Experimentally, however,
a slight decrease in M3 was observed as the thrust was raised by an
increase in the afterburner fuel flow. This reduction in ~ is due
in part to the change in mass flow through the primary nozzle throatx
caused by the injection of afterburner fuel and in part to the burning
of afterburner fuel i.nthe primary combustor.

The maximum thrusts obtained with the afterburner at a ~ of 2.0
have been compared in figure 9(b) with the theoretical and experimentally
observed thrusts of the basic engine with the primary nozzle removed.
The total engine length was held constant. The data indicate that the
maximum thrusts observed with the afterburner-equipped engine fall below
the equivalent fixes-geometry engine having an exit-nozzle-area ratio
‘of 1. Although it is possible that the afterburner-equippedengine
had not yet reached its maximum thrust limit (the maximum fuel flow was
limited by the capacity of the pumping system), the flow losses caused
by the primary nozzle wilJ probably reduce the maximum thrust of this
engine below that available from the equivalent fixed-geometry engine.
It is also probable that the cruise thrusts obtained with the afterburner
inoperative and fuel sprayed only through the primary injector will be
slightly below the thrusts of the equivalent fixed-geometry cruise engine
because of afterburner flow losses.

A detailed examination of the operation obtain~ in the primary as
well as the afterburner combustion chambers is of interest. The data
at a M of 2.0 have therefore been reduced and are tabulated in table II.

k Althou& temperature-rise ratios across the engine ~t as great as 3.9
were realized, the corresponding conibustionefficiencies were quite low.

.

. .
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With supersonic flow in the afterburner, ~ maximum Va of 22 per-
cent was observed. With subsonic flow, the maximum qa was 41 percent.
Peak primary-combustor efficiency 7P was only 44 percent and maximum
total.combustion efficiency qt was 52 percent. AJ.thoughit may seem
odd that the Vt is greater than either of the component efficiencies,
this results from the definition of qa which includes fuel unburned
in the primary co~ustor.

For cruise operation, where an afterburner temperature-rise ratio
of 1.0 is ideal, a Ta of at least 1.25 was obtained. With the primary-
nozzle expansion ratio that was used, this afterburner temperature ratio
was sufficient to decelerate the supersonic inlet flow to an outlet
Mach number M7 of 1. During transition operation, temperature-rise
ratios across the afterburner greater than those across the primary com-
bustor were observed. Under high-thrust operation afterburner tot~-
temperature ratios in excess of 2.o resulted.

In order to indicate the specific fuel consumption that may result
with burner improvement, the actual specific fuel consumption (based on
net internal.thrust) have been reduced to the value equivalent to 100 per-
cent total conibustionefficiency, and this ideal specific fuel con-
sumption is listed in table II. At the same combustion efficiency, fuel
comsumptions comparable with those of the bag~c engine with an exit-
nozzle-area ratio of 1 were obtained tith the afterburner-equippedengifi.
Moreover, instead of variation in the ideal EQecific fuel consumption
with changes in thrust, as results for an engine with fixed outlet geom-
etry, the ideal specific fuel consumption remained essentially constant
during transition operation. At M3 of 0.219~0.006 for example, the
thrust coefficient was more than doubled with very little change in the
ideal specific fuel consumption. Thus, the afterburner maybe used as
the equivalent, with reasonable engine efficiency, of a continuously
variable converging exit nozzle covering a range from cruise to the maxim-
um thrust condition.

The variation of the total~pressure ratio across’the engine as a
function of M3 is given in figure 10 for a M. of 2.0. Three
theoretical curves are included in the figure, Two of these curves
describe cruise operation (see appendix), one for the case without after-
burning, T7/T6 = 1, and the other with sufficient.afterburning to decel-
erate the flow to a M7 of 1. The third theoretical curve applies to
maximum thrust operation, ~ C 1, M7 = 1. The fleme-holder pressure drop
variation assumed in deriving these theoretical curves is indicated in
figl.u?q5.

Although no fuel was injected into the afterburner during cruise
operation, energy liberated by fuel carried into th~ afterburner from
the primary conibustormade it impossible to obtain ideal cruise operation;
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that is, T7/T6 = 1 (or M7=~> l). Agreement was observed, however,
between the theoretical and experimental totsl-pressure ratios across the.
entire engine for the M7 = 1 cruise data. The slight difference between
the theoretical and the experimental curves probably represents the flow
and burning losses through the primary nozzle, neither of which was
included in the derivation of the theoretical curve. A similsr differ-
ence between theory and experiment appears for the maximum-thrust data
between a M3 of 0.24 to 0.27. For a tiue of M3 less than U.24~ it
is not clear from the data whether or not, for the msximnm thrusts
“recorded,the normal shock had been dxiven to the throat of the primary
nozzle.

Because of the large pressure losses accompanying supersonic heat
addition (see appendix) in the afterburner during cruise operation with
M7 = 1, the total-pressure ratio across ”the engine at cruise is less
than the total-pressure ratio across the engine under maximum-thrust
operation. Since cruise operation should be more efficient than high-
thrust operation, this result a~ars, at first, incongruous. Because
ideally the large afterburner total-pressure losses at cruise occur with-
out a iOss of
cruise thrust

.
In order

during cruise
downstream of

of l+ inches

momentum, they do not =ause a reduction in either the
or efficiency of the basic engine.

to avoid the unintentional heat addition in the afterburner
operation, the primary nozzle was translated 10 inches
its original position; thus an over-sll afterburn~ length

resulted. With this modification it was possible to reduce

the heat addition in the afterburner and thus =intain supersonic veloc- .
ities at the afterburner exit. The Mach number across the discharge jet
varied from sonic at the center to values as high as 1.75 near the
periphery, but the Average values varied from 1.4 to 1.7.

The 0.59 primary nozzle contraction ratio results in over-expanded
flow in the diverging section of the nozzle during ideal.cruise operation.
Because such over-expansion leads to a reductio~ in the cruise thrust,
the selection of the primary-nozzle expansion ratio and the afterburner
nozzle area may be dictated in part by flight conditions as well as
thrust variation requirements.

Although these experimental results are preliminary, they sre neve&-
theless sufficient to confirm the mode of operation proposed for a ram-jet
afterburner and to demonstrate the practicability of obtaining large
thrust changes with a fixed-geometry engine and at an essentially constant
diffuser-exit Mach number merely by increasing the fuel flow. No air-flow

. or combustion-stabilityproblems were encountered in changing from cruise
to high-thrust operation. The thrust varied continuously in the transition
region and could be maintained, if desired, at any intermediate value.
between cruise and maximum thrust.
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Graphite
several hours

proved a satisfactory primary nozzle material, and after
of operation there was no etidence of surface pitting or

erosionof anykin~. (The photograph of figure 6 was taken after appr~xi-
mately 4 hr of operation.)

Experience indicated that a single fu~. system serving both the pri-
mary combustor and the afterburner may be adequate. However, more effi-
cient combustion than obtained in this investigation is desirable.

In addition to the possibility of causing a reduction in the crufse
thrust, it may be desirable to avo~d the added weight and hag of the
afterburner section during cruise operation. Since the maximum thrust
for many applications will be required only during boost and acceleration
to cruise periods, it maybe possible to jettison the afterburner section
during the cruise phase of the flight. An alternate method of operation
may be to translate the primary nozzle into the afterburner section and
thus take advantage of afterburner length f,cn?improved primary combustor
performance during cruise operation.

Although the discussion has been concerned with the application of
this system to a ram-~et engine, the same detice may be applied to a
turbojet engine requiring thrust variation and variable-exit-area control.
This latter application may be as a second-stage afterburner or as a
single-stage afterburner downstream o??a choked nozzle.

CONCLUDING REMARKS

The preliminary investigation reported herein regarding the appli-
cation of an afterburner to a ram-set engine indicates that thrusts equal
to those of the equivalent basic engine designed for either cruise or
maximum thrust or any thrust value between these limits can bq obtained
merely by @ variation in fuel flow. This large thrust variation (over
100 percent) was accomplished.with only a negligible variation in dif~ser-
exit Mach number and therefore essentially no change in inlet flow–or
nacelle drag. The afterburner thus provides a fixed-geometry ram-jet
engine with performance characteristics similar to those previously
obtained only with a ram-jet engine equiyped with a continuously variable
exit nozzle.

The experimental observations confirm the theory proposed as an
explanation for the operation of the afterburner. In addition, the data
demonstrate that supersonic-heat addition (burning) in a constant-area
duct is not only physically possible but ge@rally follows the relations
derived from simple one-dimensional analysi8.

Lewis Flight Propulsion Laboratory
National Adtisory Committee for Aeronautics

Cleveland, Ohio

8
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AnENmx - ANALYSIS OF AFTERBURNER OPERATION

u.

Because the addition of heat to a supersonic stream is encountered
in the use of a ram-jet afterburner, constant-area supersonic heat addi-
tion must be considered in any analysis of afterburner operation.
Although this mode of heat addition has been briefly treated in the
literature (for example, reference 6), a more detailed amalysis is
desirable.

Station 1

Assume a nonviscous, one-dimensional
a constant-area duct from stations 1 to 2
but that T2> T1. From the conservation
that

P2 1 + TlM12
—=
PI 1 + y-~z

2

compressible fluid flowing in
such that Ml and ~ > 1
of momentum it can be shown

(Al)

Combining equation (Al} with the expression for the conservation of mass
between stations 1 and 2 gives in terms of the stagnation temperature

Finally, when equation (Al) is expressed in terms of the totsl
the following expression 1s obtained:

VII-+ Y-lM1

1+- T-2M2

(A2)

pressure,

(M)

W@&&j-&j”
.. -“ ,-.

,.

.;

-A
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These expressions are generally given for the case of a subsonic initial
e

Mach number (Ml< 1), references 5 and 7, but they also apply for the
supersonic case (Ml > 1). ●

The solution of equations (Al), (A2), and (A3) for MI >1 and
both Y1 and T2 equal to 1.3 is plotted in figures n(a), n(b), and
11(c), respectively. The simultaneous solution of equations (A2) and
(A3) (fig. 11(d)) yields the variation in total-pressure ratio with
initial Mach number and heat-addition parameter. The limiting condition

m
B

(flow decelerated to sonic velocity) is shown as a dashed line. Super- .W
sonic flow is decelerated by constant-area heat addition and in the limlt,
the final Mach ntier M2 reaches 1. The higher the initial Mach number,
the lsrger the amount of heat the stream can absorb before deceleration
to a

%
of 1. In contrast to subsonic heat addition, a small amount-of

.

heat ad tion to a supersonic stream causes large total-pressure losses. , _

Another mechanism whereby a nonviscous, compressible fluid may be
decelerated in a constant-srea duct from a-supersonic stream Mach number
Ml>l to %=1 is illustrated in the following sketch: ...—

“* ‘-.
Station 1 1’

9>1 M2~l —

If a normal shock forms at station 1, the heat addition that begins at
station 11 takes place at an initial Mach number Mlt < lj sufficient
heat is added-to accelerate this subsonic stream to a ~ of 1. Since
the derivation of equations (Al) to (A3) did not require Isentropic flow

—

between stations 1 and 22 these same equations SJ.SOdescribe this latter
process.

It may therefore be concluded that in a constant-area duct, if the
inlet flow is supersonic, the same heat-addition pemmeter is required

. for a final Mach mumber ~ of 1, whether or not a normal shock is involved
in the process. (A constant value of y is assumed.) The values of the
total- and static-pressureratios and the heat-addition parameter.between
stations 1 and 2 may either be obtained from figure I-1or from the normal
shock and subsonic heat-addition relations. In either case, identical
values result.

w

Cruise operation. - In ideal cruise operation (fig. 12(a)), all
primary-conmustor heat addition is completed by station 5 and no heat is
added in the afterburner. Thus, M6 equals M7 and if flow losses are .

●

Ari’i’“t “
.-
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ignored, the afterburner exerts no influence on the thrust delivered by
the basic engine. The primary nozzle contraction ratio dete~es the
amount of heat addition required in the primary co?ibustionchaaiberin
order to obtain the design value of ~. The primary nozzle expansion
ratio selected must avoid overexpansion of the flow and the attendant
thrust losses.

Transition operation. - Thrust increases with no change in the
tfY
A diffuser-exit Mach number maybe obtained by adding heat to the gases
m
N as they flow through “theafterburner section; however, before the maximum-

thrust condition canbe reached, the afterburner passes through a region
of transition operation. This transition region occurs in two stages.
Initially, heat is added to a supersonic stream.

M5=l

~>M7>l

and because nmmentum is conserved, no thrust change is observed. This
condition is shown schematically in figure 12(b).

In deriving the pressure, temperature, and Mach nuniberrelations
. that describe afterburner operation (fig. 13), nonviscous, one-dimensional,

compressible flow was assumed. It was further assumed that all after-
burner heat addition occurred between stations 6 and 7 and that

T6/T5 = 1

The ratio ot the specific heats y was held constant at 1.3.

The theoretical relation between the heat-addition parameter
2 R7 T7
—— and M7 (where M7 >1) is given in figure 13(a) for several

‘R6T~
primary-nozzle-expansionratios. At any given primary-nozzle-expansion
ratio A5/~ the addition of heat to the supersonic stream causes a flow
deceleration, and in the limiting case, the stream can be decelerated to
a final Mach number M7 Of 1 (fig. 12(c)).

Ihring cruise operation of an actusl engine, burning is usually not
yet completed at the throat of the primary nozzle, and some heat addition
nEy occur in the afterburner. If this is the case, the engine will actually
be operating in the first stage of the transition region.

At the condition of sufficient afterburner heat addition to obtain
a M7 of 1, the process can be either heat addition to a supersonic stream
or, as previously indicated, a normal shock at etation 6 foU.owed by sub-
sonic heat addition. The values of the heat-addition parameter and the

.
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totsl- and static-pressureratios are identical for both cases. At a
given primary-nozzle-expansionratio, the addition of more heat than that
indicated in figure 13(a} at a M7 of 1 will cause a normal shock to 4

format station 6 and be driven toward station 5. This is the second .-
stage of transition operation and is indicated schematically in fig- N
ure 12(d).

m
P
w

The occurrence and exact position of the shock depend on the primary-
nozzle-expansion ratio and the value of the heat-addition parameter. The
relation between the Mach nuniberat which the shock occurs MA> the
primary-nozzle-expansionratio ~/A6, and the afterburner heat-addition
parameter, is easily computed from the one-dimensional flow and heat-
addition relations (fig. 13(b)). It is clear that more heat canbe added
in the afterburner as the ratio ~/~ is reduced or as MA, and conse-
quently ~, is lowered.

The total-pressure ratio across the afterburner b the second stage
of transition operation may be computed by adding the loss across the
normal shock occurring at MA to the loss across the constant-area duct,
stations 6 to 7, due to subsonic heat.additioh. The loss due to friction---
is neglected. The pressure ratio p~/pA or’equiV6,1ently p7/p5 is
plotted in figure 13(c). For convenience, these data are also presented
as a function of MA and ~/A6. At a given MA

.-
the loss in total pres-

sure due to a large variation in /A6 is small.
%

However, large total- “-
pressure losses are encountered as e normal shock occurs at successively
higher values of MA.

In applyihg this region of afterburner operation to an actual engine,
it would be expected that the thrust delivered would increase continuously
from the cruise value to the maximum-thrust condition at MA of 1. More-
over, because the heat addition in the primary combustor is held constant
the diffuser can be operated at its design point throughout this thrust
variation. If the engine is operated at other than design flight Mach

—

number, the primary combustor heat input should correspond to the
value yielding optimum diffuser performance.

%
-.

High-thrust condition. - At the diffuser-outletMach nuniber
3selected as the design value, greatest thrust occurs when sufficien heat

is added in the afterburner to drive MA to 1 at station 5 (fig. 12(e)).
When primary-nozzle flow losses are ne@.ectedJ this thrust is equivalent
to the thrust deliveredby a fixed-geometry engine with an exit-area
ratio of 1.

.
Even greater thrust is possible by increases in the heat released in

the primsry conkmstor or in the afterburner (heat addition greater than
that for MA of 1). However, in either case, the value of M3 will be
reduced and, if the engine is designed for critical diffuser operation,
will be accompanied by an increase in external drag.

.
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TABLE I - 16-INCH RAM-JET ENGINE COORDINATES .

.L7_L - --—-
Stat ion Location c

(in. )

Miscellaneous

(i:. ) ‘ (i:. ) (In.)

-5.05 Tip of spike o
-4.0 0.48
-3.0 0.94
-2.0 1.41
-1.0 1.88
0 Lip of inlet 2.34 5.05 Lip radius 0.032
1.0 2.78 5.13 5.37
2.0 3.10 5.30 5.54
3.0 ‘ 3.36 5.45 5.69
4.0 3.58 5.59 5.83
6.0 3.94 5.83 6.07
8.0 4.21 6.03 6.28
10.0 4.40 6.20 6.45
12.0 4.52 6.36 6.61
14.0 4.58 6.48 6.72
16.0 4.60 6.58 6.82
18.0 4.58 6.61 6.85
30.0 4.44 Straight Straight
46.0 4.02 taper taper
59.0 3.08 7.75 8.13
63.0 2.43 7.45
68.4 End of o 7.38

center body
81 Pilot air 1.5

inlets
93 Pilot maxi- 4.0 Cylindrical

mum diameter section
107 Station 3 3.3 8.00
148 Rxi.marynoz-

zle inlet
187 Engine exit 8.00 J 8.13

v
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,G,

Fuel-a

f

Primary

0.076

.066

.057

.050

.043

.032

.012

.012

.012

.012

.019

.019

.019

.01.9

.023

.025

.025

.025

.038

.038

.038

.038

TABLE II - RWEREAL ENGINE ~CE AT FREE-WiTWM MACE NUM8BZ OF 2.0.

~iiYumr-exit static teqerature, 16204° F; diffuser-exit static premure, 2475 ii325 lb/sq fi]

ratio

Rr-au

).076

.066

.057

,050

.043,

.032

.067
,079

.070

.066

.101

.087

.076
,066

.063

.082

.092

.075

,10EI

.099

.087

.066

arced
tleltc

rimq

100
100

MM

1(XI

100

100

14
16

18
19

19
22

25

28
40

31

28

34

36

38
44

58

)Ifmle.et

exit

Uaoh

=

er

0.21.2

.216

.225

.232

.238

.268

.262

.267

.273

.280

,248
.255

.263

.270

.837

.233

.228

.233

.213

.216

.2’L6

.222

et Internal
thruet

coefficient

‘%,.

0.46

.40

.36

.30

.25

.14

.50

.48

.39

.30

.58

.53

.43

.25

.51

.64

.67

.61

.74

.71

.68

.51

cmbuet

rlmax~

~p

0.27

.28

.28

.28

.29

.27

.40

.36

.33
,27
.36

.34

.29

.25

.42

.42

.44

.43

,39

.39

.39

.39

m eff

ifter-

)Urner

na

0.16

.17

.19

.Zo

.21

.22

.32

.33

.32

.28

.29

.32

.30
,22

.40

.40

.36

.41,

,32

,33

.36

.33

~
Otal

It

0.39

.41

.42

.43

.44

.44

.37

.39

.37

.32

.35

.39

.37

.28

.52

.50

.47

.52

.44

.46

.50

.50

‘Temlm ‘tUm E3+JT0
?rlm9ry fter- ITotal

~P

2.41

2.30
2.16

2.05

1.95

1.68
1.41
1.37

1.34
1.28

1.55

1.51

1.44

1.39

1.26
1.65

1.80

1.89

2.16
2.13

2,14

2.14

w.mar
‘R

~a

1.25 3.02

1.25 2.86
1.25 2.73
1.25 2.56

1.25 2.43
1.25 2.10
2.21 3.12
2.23 3.06
2.06 2.78

1.96 2.51
2.I.I.3.27
2.14 3.23

2.02 2.91

1.68 2.34

1.77 3.30
2.CKJ 3.70

1.98 3.76

1.66 3.11

1.e3 3,95

1,82 3.87
1.78 3.81

1.53 3.27

peciflo fue

Actual

ef’c

8.44

8.33
8.08
9.61

8.7Z

lZ .I.6
8.83

8.46

9.30

U .01
9.14
8.37

9.04

13.40

6.35

6.48
6.97

6.19

7.39

7.14

6.56
6.59

Conalmmt101
Ideal

(sfc)q~

3.30

3.39
3.41

3.67

5.85

6.32
3.26
3.27
3.41

3.57
3.22

3.26

3.33
3.79

3.32

3.25

3.27

3.25
3.28

3.30

3.ZB
3.31

-d
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